Abstract The objective of the study was to determine the relationship between midsagittal vaginal wall geometric parameters and the degree of anterior vaginal prolapse. We have previously presented data indicating that about half of anterior wall descent can be explained by the degree of apical descent present (Summers et al., Am J Obstet Gynecol, 194:1438-1443 , 2006 . This led us to examine whether other midsagittal vaginal geometric parameters are associated with anterior wall descent. Magnetic resonance (MR) scans of 145 women from the prior study were suitable for analysis after eight were excluded because of inadequate visibility of the anterior vaginal wall. Subjects had been selected from a study of pelvic organ prolapse that included women with and without prolapse. All patients underwent supine dynamic MR scans in the midsagittal plane. Anterior vaginal wall length, location of distal vaginal wall point, and the area under the midsagittal profile of the anterior vaginal wall were measured during maximal Valsalva. A linear regression model was used to examine how much of the variance in cystocele size could be explained by these vaginal parameters. When both apical descent and vaginal length were considered in the linear regression model, 77% (R 2 =0.77, p<0.001) of the variation in anterior wall descent was explained. Distal vaginal point and a measure anterior wall shape, the area under the profile of the anterior vaginal wall, added little to the model. Increasing vaginal length was positively correlated with greater degrees of anterior vaginal prolapse during maximal Valsalva (R 2 =0.30, p<0.01) determining 30% of the variation in anterior wall decent. Greater degrees of anterior vaginal prolapse are associated with a longer vaginal wall. Linear regression modeling suggests that 77% of anterior wall descent can be explained by apical descent and midsagittal anterior vaginal wall length.
Introduction
The anterior vaginal prolapse is the most common form of pelvic organ prolapse [2] as well as the site with the highest rates of persistent and recurrent support defects [3] . Blinded follow-up in a randomized prospective study of surgical techniques to correct anterior vaginal prolapse at an institution known for excellence in urogynecologic surgery found that only 30-45% of patients had satisfactory or optimal results at 24 months [4] . The high rate of suboptimal outcomes and the inability to predict which patients will fail surgery suggest a lack of knowledge regarding the disease mechanism of anterior wall prolapse.
Dynamic magnetic resonance imaging (MRI) in the midsagittal plane has given us the ability to study the deformation of the anterior vaginal wall during Valsalva. Previous analysis using this approach found that about half (R 2 =0.53) of anterior wall descent can be explained by the degree of apical descent present [1] . The fact that apical descent only explains half of anterior wall descent raises the question of what other changes are involved. This led us to investigate the relationship of other midsagittal geometric factors, such as anterior vaginal wall length, displacement of the distal vagina, and anterior vaginal wall shape, to the degree of anterior wall descent. We hypothesized that these three factors would also predict a significant proportion of the variance in anterior wall descent.
Materials and methods
A secondary analysis was performed on the sample described in our original report [1] . In brief, we recruited women representing varying degrees of pelvic organ support as part of an on-going study at the University of Michigan in Ann Arbor, MI. The original study is a casecontrol study where controls with vaginal points at least 1 cm above the hymen were matched to cases with prolapse at least 1 cm beyond the hymen [5] . Pelvic support was determined using the pelvic organ prolapse quantification system on clinical exam. Women were selected from this pool to include women in whom the uterus was in situ, the cervix, bladder, and urethra were visible in the dynamic sagittal images, and a correct Valsalva maneuver was performed as judged by the movement of the abdominal wall and intestinal contents in a caudal direction. Women were recruited from the Urogynecology clinic at the University of Michigan and from advertisements. Women were excluded if they had a prior operation for pelvic organ prolapse or urinary incontinence. This resulted in a sample of 153 women for the original analysis. The relationship of the apex, as measured by the cervical os location, and the anterior wall descent, as measured by the most dependent bladder point, was available in these women from the prior study [1] . Magnetic resonance (MR) scans of 145 women from the prior study were suitable for this study with good visualization of the anterior vaginal wall in the dynamic images (mean±SD: age=53.3±12.5 years, parity=2.7±1.8, body mass index=26.4±4.5 kg/m 2 ). Eight scans from the original study were excluded because the complete vaginal wall could not be adequately seen in sufficient detail for accurate tracing. Although the original study included both cases and controls, our analysis concerned the relationship between cervix location, bladder descent, and vaginal length and did not depend on group status.
MRI was performed on a 1.5-T system (Signa, General Electric, Milwaukee, WI) using a four-channel torso-phased array coil with the subject in the supine position. Before starting the examination, the patient was instructed in regards to the straining maneuvers to be performed during the examination, starting from minimal to maximal straining. For dynamic imaging, a multiphase, single level image of the pelvis in the midsagittal plane was obtained approximately every second for 23-27 s using a T2-weighted single-shot fast spin-echo sequence (time at rest= 1,300 ms, time of excitation=60 ms, slice thickness=6 mm, field of view=32-36 cm, matrix=256×160, one excitation and half-Fourier acquisition). The time needed to acquire each of the images was determined by the patients' weight and was approximately a second. A set of 20 successive images were acquired in 23-27 s during rest and a graded Valsalva effort as follows: The operator instructed the subject to hold her breath in inspiration and initiated the scan and after 5 s of imaging during rest, the operator instructed the subject to strain minimally for 5 s, moderately for 5 s, and maximally for 5 s, then to breath normally and relax for another 5-7 s before ending the acquisition. Usually, three images were acquired at rest during suspended inspiration, 12 during the graded Valsalva effort, and five during postValsalva relaxation and normal breathing. These images were placed in a cine-loop using RadPix (Version 3.15, Weadock Software, LLC, Ann Arbor, MI) for display as a movie clip to evaluate the dynamics of prolapse.
The image at maximal Valsalva effort was selected for analysis ( Fig. 1) . A local coordinate system was created using the inferior pubic point as the origin, the sacrococcygeal inferior pubic point (SCIPP) line as the x-axis, and a line perpendicular to the SCIPP line through the inferior pubic point as the y-axis (Fig. 1) . The location of the external cervical os and the most dependent bladder point was previously determined using this coordinate system [1] . Degree of anterior wall and apical descent were determined by the location of the most caudal bladder point and external cervical os, respectively.
To account for variability in patient size, we normalized all the subjects' pelvises to a SCIPP length of 10.5 cm, which was the mean SCIPP length for our sample. The anterior vaginal wall was traced from the anterior vaginal fornix to the external urinary meatus. A program was created using MatLab (the Mathwork, version 7.01 R14) to measure the length of the vaginal tracings and the SCIPP line. The location of the most distal vaginal point (the ventral end of the vaginal length tracing) and the area under the midsagittal profile of the anterior vaginal wall were also analyzed using MatLab. Finally, the area under the midsagittal anterior wall profile, from its proximal end to its distal end, was measured as the absolute area between the profile and a straight line connecting the two ends of the vaginal wall tracing (Fig. 2) . This parameter was a measure of the complexity of the line shape of the vaginal wall tracing. Because these area calculations are a measure of vaginal wall shape rather than a quantification of actual area, non-normalized values were used. A linear regression model was performed with the dependent variable being prolapse size as measured by the most dependent bladder point and independent variables being the three geometric parameters. We calculated the Pearson correlation coefficient for the regression by comparing the previously obtained most dependent bladder point and the above vaginal wall parameters at maximum Valsalva: p<0.05 was considered significant.
Results
Linear regression (Table 1) showed that 77% (R 2 =0.77, p< 0.01) of midsagittal anterior wall descent can be explained by the combination of apical position and vaginal length. The exclusion of the five patients from the original study increased the correlation between cystocele and apical position from R 2 =0.53 to 0.60. Increasing vaginal length was positively correlated with greater degrees of anterior vaginal prolapse during maximal Valsalva (R 2 =0.30, p< 0.01; Fig. 3 ). Thus, 30% (R 2 =0.30) of the variation in anterior wall descent was determined by vaginal wall length alone. The area under the vaginal wall profile and the distal urethral location were also investigated for regression modeling but were found not to contribute much to the degree of anterior wall descent.
As would be expected from the correlation found between apical descent and anterior wall descent, there were subjects who had uterine descent and large cystoceles (Fig. 4a) . However, there were also subjects with relatively well-supported apical compartments who had large cystoceles with long anterior vaginal walls (Fig. 4b) . Other morphologic variants existed as well where there were examples of patients with cystoceles with normal and short vaginal wall lengths (Fig. 4c, d, respectively) .
The relationship between apical descent and vaginal wall length was examined to see if apical descent resulted in longer vaginal length. The correlation was R 2 =0.36, p=0.02.
Discussion
Linear regression modeling shows that 77% of anterior wall descent can be explained by both vaginal length and apical descent measured on midsagittal dynamic MR images. A positive correlation was found between anterior wall descent and anterior vaginal wall length with 30% of variation in anterior wall descent being explained by the length of the vaginal wall. These relationships suggest that the disease mechanism of anterior wall prolapse is likely [6] . Our previous work supports the hypothesis that defects of the apical support are related to cystocele formation [1] . The weak correlation between apical descent and vaginal length and the strong correlation between vaginal length and cystocele size suggest that alterations in the actual vaginal wall itself may be involved in cystocele development.
Vaginal wall characteristics have been previously evaluated. The fraction of smooth muscle in the anterior vaginal wall shows great variability among individuals [7] , and its contractility is significantly decreased in women with pelvic organ prolapse [8, 9] . Patients with prolapse have also been found to have alterations in collagen ratios and turn over of collagen [10] [11] [12] . Findings regarding the collagen content of these tissues have been inconsistent with some studies showing no change [13, 14] , and others increased content [15] . Comparison of 3D vaginal models of patients with and without prolapse showed similar vaginal anterior-posterior thickness between groups suggesting that the vaginal wall of patients with prolapse is not attenuated [16] . The shear strength of vaginal wall specimens was lower in patients with pelvic floor dysfunction than normal controls [17] , and great variability in the tensile and bending strength of samples has also been observed [18] .
The vaginal apex has also been examined as the site of failure. One study reported that collagen content was similar between prolapse patients and controls at the vaginal apex but was lower in the parametrial tissue [19] . The resiliency of the apical support structures such as the uterosacral ligaments has also been found to be significantly reduced among women with symptomatic uterovaginal prolapse [20] .
Dynamic MRI has been used for the evaluation and staging of pelvic organ prolapse [21] [22] [23] . Ozasa et al. [24] also used midsagittal dynamic MRI to asses changes in pelvic support in women with prolapse. They qualitatively compared descent using the relationship of a best-fit levator line and the pubic bone, however, did not perform quantitative measurements. The current study has the advantage of quantifying midsagittal changes that occur during Valsalva. These quantifications deepen our understanding of anterior compartment prolapse mechanisms.
There are several limitations of this study. The dynamic sequence used is limited to a midsagittal view, thereby not allowing the study of changes that may occur in the lateral vaginal wall, which have been observed in anterior compartment prolapse [25] . Therefore, we cannot comment on the presence or effects of paravaginal defects. In addition, these sequences were acquired in the supine position, which may limit the descent of the pelvic structures. We minimized this limitation by careful coaching the woman to achieve the maximal prolapse and reviewed all the dynamic video clips to make sure that Valsalva was performed correctly. In the past, researchers have compared supine dynamic MRI with those performed in a sitting position in an open configuration scanner and found supine scans during straining to be comparable in documenting pelvic floor movement [26, 27] . An additional limitation is represented by the example in Fig. 4d . This woman has significant anterior wall prolapse and apical descent but yet has a short vaginal length. Although clinically, this woman does not have a shortened wall, she appears to on dynamic MRI because the anterior wall is folded in on itself like an accordion. The association of increased midline vaginal length in anterior compartment prolapse provides objective data to be considered in the clinical thinking and treatment of cystoceles. Traditionally, anterior vaginal wall prolapse is attributed to either lateral detachment of the anterior vaginal wall at the pelvic side wall, referred to as a displacement "cystocele," or as a central failure of the vaginal wall itself that results in a distension "cystocele." Whether length changes are due to a paravaginal defect, midline defect, or are simply due to stretching of the vaginal wall once a cystocele becomes present will require further research. The association seen in this study nevertheless raises interesting clinical questions. For example, do traditional side-to-side plications address excess vaginal length associated with anterior compartment prolapse?
